Ustilago maydis is a phytopathogenic fungus responsible for corn smut disease. Although it is a very well established model organism for the study of plant-microbe interactions, its biosynthetic potential has not been totally explored. By analyzing U. maydis genome, we identified a biosynthetic gene cluster whose activation led to the production of a black melanin pigment. Single deletion mutants of the cluster genes revealed that five encoded enzymes are required for the accumulation of the black pigment, including three polyketide synthases (pks3, pks4 and pks5), a cytochrome P450 monooxygenase (cyp4) and a protein with similarity to versicolorin B-synthase (vbs1). Moreover, metabolic profiles of the mutants defective for pks3 and pks4 indicated that the products of these genes catalyze together the first step in the melanin biosynthetic pathway since none of the mutants accumulated any melanin or intermediate products. Mutants deleted for pks5 produced orsellinic acid (OA) and triacetic acid lactone (TAL), suggesting that both products are produced by Pks3 and Pks4. It might thus demonstrate that Pks5 plays a role in a reaction downstream of that catalyzed by Pks3 and Pks4. OA and TAL were also found in extracts of a cyp4 deletion mutant along with several heterodimers of TAL and Pks5-derived orsellinic aldehyde compounds. According to their phenotypes and the intermediate products isolated from these strains, Cyp4 and Vbs1 seem to be involved in reactions downstream of Pks5. Our findings suggest that U. maydis synthesizes a new melanin based on coumarin and pyran-2-one intermediates, while most fungal melanins are derived from 1,8-dihydroxynaphthalene (DHN) or L-3,4dihydroxyphenylalanine (L-DOPA). Along with these observations, this work also provides an insight into the mechanisms of polyketide synthases in this filamentous fungus.
INTRODUCTION
Secondary metabolites (SMs) produced by bacteria, plants and fungi are a vast group of small molecules with fascinating bioactivities that play non-essential roles in growth, development and reproduction of a living organism. Genes involved in the biosynthesis of fungal SMs are generally fast-evolving, often clustered and co-regulated through common transcription factors or at the level of chromatin organization (1) . Despite the potential versatility of fungi in producing SMs, their biosynthetic pathways often have not been well explored since the biosynthetic gene clusters are silent under standard laboratory conditions (2) . Methods to activate silent biosynthetic pathways are thus of major interest (3, 4) . Examples of SM that can be observed by our naked eye are pigments, which absorb damaging radiation and thus protect the organism against DNA damage and oxidative stress (5) . Among those pigments, melanin plays an essential role in many organisms, including fungi (6) . Phenolic and/or indolic monomers are prone to polymerize forming negatively charged, hydrophobic melanins (7) , which contribute to the ability of fungi to survive in harsh environments. Besides, it plays a role in pathogenesis (8) .
In fungi, two main melanin biosynthetic pathways have been described, 1,8dihydroxynaphthalene (DHN) and L-3,4-dihydroxyphenylalanine (L-DOPA), with the DHN pathway being more widespread (9, 10) .
Ustilago maydis, a hemibiotrophic basidiomycete, is the causative agent of maize (Zea mays) smut disease. The disease cycle is initiated by the fusion of compatible haploid cells. The resulting dikaryon is filamentous, grows in close contact with the plant and is able to sense signals from the leaf surface that trigger the formation of appressoria (11) . The plasma membrane of the plant cell invaginates and tightly surrounds the invading hypha (12) . An interaction zone develops between the plant and fungal membranes that is characterized by fungal deposits produced by exocytosis. At later stages, proliferation also occurs intercellularly and the dikaryotic mycelium grows towards bundle sheets (13) . Proliferation is followed by karyogamy and sporogenesis, where hyphal sections fragment, round up and differentiate into heavily melanized diploid teliospores (14) .
The first studies of melanin in U. maydis suggested that catechol was the precursor for its biosynthesis since this compound was found in ethanol extracts from teliospores (15) . A recent study showed that two PKSs (Pks1 and Pks2) and a laccase (Lac1) are involved in the melanization process of teliospores during plant infection (16) . That work gave a preliminary idea about the role of Pks1 and Pks2, but the biosynthetic pathway of melanin production during spore formation is yet to be characterized.
Here, we describe the identification and characterization of a silent PKS based biosynthetic gene cluster in U. maydis involved in alternative melanin production. Expression of the pathwayspecific transcription factor mtf1 activated at least 12 genes encoding three polyketide synthases (pks3, pks4 and pks5), a cytochrome P450 (cyp4) and a versicolorin B-synthase like protein (vbs1), among others. Activation of this gene cluster resulted in the production of black melanin pigment.
By generating deletion mutants and analysis of their metabolic profiles by LC-MS, we were able to show that mutants defective in either one of the PKS-encoding genes pks3, pks4, pks5 or the cytochrome P450 gene cyp4 did not accumulate melanin, thus indicating a crucial role of the corresponding enzymes for pigment biosynthesis. Furthermore, single and combined expression of these PKS genes revealed that pks3 and pks4 are together required for generating orsellinic acid (OA) and triacetic acid lactone (TAL). These intermediates undergo further enzymatic modifications carried out by Pks5, Cyp4, Vbs1 and other proteins to yield melanin. These data demonstrate that unlike any other fungi, U. maydis possesses a unique mechanism for melanin synthesis that requires the collaboration of at least three PKSs, a cytochrome P450 and a versicolorin B-synthase like enzyme.
RESULTS

Identification of a co-regulated PKS biosynthetic gene cluster in U. maydis.
Preliminary work has shown that U. maydis is capable of synthesizing diverse secondary metabolites (17, 18) . In order to unveil more secondary metabolites in U. maydis, we decided to seek for potential biosynthetic gene clusters encoding PKSs, typical backbone enzymes involved in secondary metabolism (19) . By analyzing the U. maydis genome database (MUMDB), we noticed the presence of three genes encoding PKS located in close proximity to each other on the telomeric region of chromosome 12 ( Fig. 1A and B) . We termed these genes as pks3 (UMAG_04105), pks4 (UMAG_04097) and pks5 (UMAG_04095). Subsequently, we identified in the neighboring area of pks3-5 two genes coding for putative transcription factors, which were termed mtf1 (UMAG_04101) and mtf2 (UMAG_11110). This suggests that pks3, pks4 and pks5 could be part of a silent biosynthetic gene cluster, whose regulation was potentially controlled by either mtf1 or mtf2. To test this hypothesis, we generated two strains, in which each transcription factor (mtf1 or mtf2) was expressed under the control of the arabinose-inducible Pcrg promoter (Pcrg::mtf1 and Pcrg::mtf2) (20) . Afterward, we checked by Northern blot, which genes were regulated by which transcription factor (Fig. S1A) . Transcription of the genes mtf1 and mtf2 was detectable in the selected transformants only under inducing conditions (I) and completely absent under non-inducing conditions (R) (Fig. S1A) . Notably, when the Pcrg::mtf1 strain was grown under inducing conditions, pks3, pks4 and pks5 were substantially transcribed. Likewise,
UMAG_11113 (deh1) genes were expressed upon induction of mtf1. Conversely, no transcript of these genes was detected under non-inducing conditions. On the other hand, over-expression of mtf2 only up-regulated the gene UMAG_04098 (orf2), thus indicating that activation of mtf2 has no influence in the expression of the other genes ( Fig. S1A ). This result allowed us to establish the boundaries of the potential biosynthetic gene cluster (Fig. 1A) . The cluster expands from the mostupstream gene pks5 until the most-downstream gene deh1 with a total length of 45.1 kb, containing three genes in between (orf2, mtf2 and orf3) whose expression is not controlled by mtf1. A detailed description of the cluster genes is shown in Fig. 1B . Together, the present findings confirm that this gene cluster (Fig. 1A) remains silent when U. maydis is grown under normal laboratory conditions and that expression of mtf1 is sufficient to activate the cluster genes.
We also noticed that in liquid media, prolonged expression of the PKS gene cluster in strain Pcrg::mtf1 triggered the production of a black-greenish pigment, which was clearly observed after 24 h of induction ( Fig. S1B) . In contrast, no effect was recorded in the Pcrg::mtf2 and wild-type strains (Fig. S1B) . Similarly, dark colonies were observed only for the Pcrg::mtf1 strain when wildtype, Pcrg::mtf1 and Pcrg::mtf2 cells were spotted in serial dilutions on inducing agar medium (data not shown).
Pigmentation phenotype of gene deletions
In order to determine the biological role of this biosynthetic gene cluster for pigment production, we generated single deletion mutants of all 12 genes regulated by mtf1. The coding sequences were replaced by a selectable marker gene in the genetic background of strain Pcrg::mtf1.
Transformants were analyzed by PCR and Southern blot. In the case of pks4, we succeeded in replacing the gene but Southern blot always showed that both the expected band of the deletion mutant and the wild-type band were still detectable. For that reason, we suspected that pks4 could be duplicated in the U. maydis genome. Only after deleting the duplicated copy of pks4 in the Pcrg::mtf1 pks4 strain, the signal corresponding to the pks4 wild-type band was absent in the Southern blot. We termed the strain containing the double mutant of pks4 as Pcrg::mtf1 pks4*. In the FB1-derived strain Pcrg::mtf1 (FB1) deletion of a single copy of pks4 was sufficient to result in loss of melanin production. This indicates that duplication of pks4 is characteristic of the genetic background of strain MB215 but obviously has not occurred in FB1. For the other two genes located upstream of pks4, orf1 and pks5, we encountered the same problems while trying to delete them in the Pcrg::mtf1 (MB215). Therefore, we generated the corresponding deletions also in strain Pcrg::mtf1 (FB1).
As shown in Fig. 1C , deletion mutants of either pks3, pks4, pks5 and cyp4, a gene encoding a cytochrome P450, were significantly affected in their phenotype and were unable to synthesize the melanin-like pigment (Fig. S2 ). Deletion of vbs1, a gene that codes for a protein with sequence similarity to versicolorin B synthase (VBS) from Aspergillus parasiticus (21) , resulted in a yellowish phenotype (Fig. 1C ). Strain Pcrg::mtf1 omt1 accumulated an orange-yellowish pigment, which was in appearance darker than that produced by the Pcrg::mtf1 ∆vbs1. Strains deleted for aox1 (ascorbate oxidase), pmo1 (phenol-2-monooxygenase), or one of the remaining ORFs (orf1-orf5) showed no detectable phenotype (Fig. 1C) . In summary, disruption mutants of pks3, pks4, pks5 and cyp4 abolished synthesis of the melanin-like pigment, thus indicating the crucial role of these genes in the biosynthetic pathway. Although neither deletion of vbs1 nor omt1 produced a colorless phenotype, the participation of the encoded enzymes in melanin production was suggested by their yellowish and dark yellowish phenotypes, respectively. Only small changes in pigmentation were observed in the Pcrg::mtf1 orf1, Pcrg::mtf1 aox1, Pcrg::mtf1 orf4, Pcrg::mtf1 pmo1, Pcrg::mtf1 orf5 and Pcrg::mtf1 deh1 strains if compared with the reference, suggesting a minor involvement of these gene products in the production of the melanin-like pigment.
Metabolic profiles and chemical identification of compounds produced by the mutant strains of the melanin-like gene cluster
By mutational analysis of all the genes that were up-regulated upon activation of mtf1, we gained an insight into the enzymes that are involved in the biosynthetic pathway of melanin-like pigment in U. maydis. Intending to have a deeper understanding of the sequential steps of the pathway, we decided to analyze the cell pellet extracts of all the single mutants by LC-MS. Notably, analysis extracts of Pcrg::mtf1 pks3 did not reveal any detectable compound (Fig. 2 ), suggesting that Pks3 is essential for the biosynthesis of the pigment, as well as indicating its crucial role at first stages in the metabolic pathway. For the mutant of pks4, we analyzed the metabolic profiles of the single (Pcrg::mtf1 pks4) and double (Pcrg::mtf1 pks4*) deletion strains ( Fig. 2 and Fig.   S2B ). Deletion of both copies of pks4 in the Pcrg::mtf1 background strain produced no compounds, while the extracts of the Pcrg::mtf1 pks4 exhibited a similar metabolic profile as the parental strain Pcrg::mtf1 (Fig. S2B) . To exclude the possibility that the colorless phenotype of Pcrg::mtf1 pks4* could be due to a defect in the expression of those genes whose deletion triggered a similar phenotype (pks3, pks5 and cyp4), we analyzed their transcripts levels by Northern blot (Fig. S2A) .
As expected, the expression of pks3, pks5 and cyp4 remained unaffected, thus suggesting that the phenotype and metabolic profile of Pcrg::mtf1 pks4* was solely attributed to the deletion of both copies of pks4. On the other hand, the LC-MS profile of the Pcrg::mtf1 pks5 strain generated two peaks that corresponded to compounds 1 and 3 ( hydroxy-6-methyl-2H-pyran-2-one, respectively. All these data suggest that Pks3 and Pks4 participate in the first metabolic step, followed by the reactions catalyzed by Pks5 and then by Cyp4. Subsequently, we analyzed the strain Pcrg::mtf1 vbs1, which accumulated a yellowish pigment (Fig. 1C) . The LC-MS analysis of the strain presented two major peaks (6 and 7), which were analogous to the compounds 7-hydroxy-3-(3-hydroxybutanoyl)-5-hydroxymethylcoumarin and 3-(2,4-dihydroxy-6-(hydroxymethyl)benzyl)-4-hydroxy-6-methyl-2H-pyran-2-one, respectively (Fig. 2) . Based on the chemical structure of 6 and 7 elucidated by NMR (Fig. S5-S14 and and pmo1 showed similarity to the Pcrg::mtf1 strain, illustrates that the proteins encoded by these genes may play a minor role in the biosynthesis of the melanin-like pigment.
Pks3 and Pks4 are required for the biosynthesis of orsellinic acid (OA)
From our previous results, we observed that deletion of either pks3 or pks4 in the Pcrg::mtf1 strain showed a colorless phenotype and none of the mutants were capable of producing detectable compounds. Additionally, the extracts of Pcrg::mtf1 Δpks5 accumulated OA and TAL but no melanin suggesting the involvement of Pks5 in the processing of OA and or TAL to melanin.
Therefore, we asked ourselves whether Pks3 and Pks4 could synthesize together OA and TAL. To achieve this goal, we generated single and double over-expressing strains of pks3 and pks4 in the Δcyp4 strains (Fig. S3B) . The present findings allow us to understand that Pks3 and Pks4 are absolutely required for the synthesis of OA, a compound that is further modified to produce melanin.
DISCUSSION
Melanin is considered as a multifunctional pigment found in all biological kingdoms (6) . In U.
maydis, melanin plays an important role in survival in harsh environments and pathogenicity during maize-plant infection. Although previous reports in U. maydis suggest that two PKS-encoding genes (pks1 and pks2) and a putative laccase (lac1) are required for producing pigmented teliospores in maize tumors (16) , the mechanism of its biosynthesis in this fungus remains unclear.
In this work, we were able to identify a large PKS gene cluster involved in the biosynthesis of melanin in U. maydis via an unconventional pathway. Accumulation of melanin was observed upon prolonged induction of the transcription factor mtf1, whose activation led to simultaneous upregulation of 12 genes including three PKSs (pks3, pks4 and pks5), a cytochrome p450 (cyp4) and a versicolorin B synthase-like gene (vbs1), among others ( Fig. 1) . Deletion approaches of the cluster genes in the Pcrg::mtf1 strain allowed us to elucidate the sequential steps of the biosynthesis of this pigment. We propose that the initial reactions are catalyzed by Pks3, Pks4 and Pks5 since mutants defective in any of these genes displayed an albino phenotype (Fig. 1C) . Also, the analysis of the extracts of pks3 or pks4 mutants by LC-MS revealed that neither deletion mutant was able to generate any UV-detectable compound, while pks5 mutants caused the production of two compounds, OA and TAL (Fig. 2) . These results suggest that Pks3 and Pks4 act at an early stage of the metabolic pathway followed by Pks5, catalyzing the next downstream reaction. Our observations were further supported by the fact that only co-expression of pks3 and pks4 gave rise to the synthesis of OA, a compound that was sufficient to chemically complement the phenotype of the strains Pcrg::mtf1 Δpks3 and Pcrg::mtf1 Δpks4* in a feeding experiment (Fig. S3) . To the best of our knowledge, these findings constitute the first report of a fungus capable of synthesizing OA by the combined function of two PKSs which are also required, together with a third one, in a pathway that leads to the production of melanin. By analyzing the domain structure of these PKSs, it can be noticed that neither Pks3 nor Pks4 possesses the three minimal domains required for being considered as functional PKSs (Fig. 3A) , the -ketoacyl synthase (KS), the acyltransferase (AT) and the acyl carrier protein (ACP) domains (22) . Although Pks3 has a similar domain structure when compared to other OA-PKSs (23), the lack of an AT domain in this protein lets us speculate that this activity is probably recruited in trans from Pks4, in a similar fashion as described for bacterial trans-AT PKS systems (24) . In fact such a split-PKS system would be similar to fungal fatty acid synthases (FAS) which are multimeric complexes build from two different FAS enzymes with complementary domain functionality (25) . Nevertheless, further experimental evidence has to be provided to understand the reaction mechanism of Pks3 and Pks4 in more detail. Along with OA, TAL was identified in the extracts of the pks5 mutants, which denotes that this compound is also produced at earlier stages in the same pathway. In Penicillium patulum, TAL is synthesized by a 6-methylsalicylic acid synthase in the absence of the reducing agent NADPH, a reaction that requires the condensation of two malonyl-CoA molecules with one acetyl-CoA starter unit, followed by cyclization and aromatization (26, 27) . In our model, we are proposing that TAL is synthesized similarly as in P. patulum but instead of requiring a single enzyme, this product is afforded by two PKSs just as in the case of OA (Fig. 3B) . Biosynthesis of OA and TAL has been previously documented in Aspergillus terreus, where the heterologous expression of a single pksgene (terA) in Aspergillus niger yielded a mixture of these compounds together with 6,7dihydroxymellein (28).
On the other hand, the production of orsellinic aldehyde (2) is achieved by the reduction of OA, a reaction catalyzed by PKS5. Although the domain structure of PKS5 does not correspond to a canonical PKS either (Fig. 3A) , its thioesterase domain (TE) appears to be responsible for this reductive step (29) .
Together with OA, TAL and orsellinic aldehyde, the coumarin-and 2H-pyrane-2-one-like compounds (4 and 5, respectively) were isolated from the cyp4 disrupted mutant (Fig.2) , which showed a slightly darker phenotype if compared to any of the pks-deletion mutants (Fig. 1C) . Such compounds have been reported to have antimicrobial properties in other fungi (30, 31) , which makes us think that they could have a similar role in U. maydis. Since cytochrome P450s act as terminal monooxygenases in a range of biochemical reactions (32), we consider that compounds 6 and 7 are synthesized upon Cyp4 dependent oxidation of 4 and 5, respectively (Fig. 3B) .
Disruption of vbs1 caused a yellowish phenotype (Fig. 1C) and accumulation of compounds 6 and 7, the proposed products of the reactions catalyzed by Cyp4 (Fig. 3) . Although we found no reports of involvement of versicolorin B synthases in the biosynthesis of melanin, deletion of a versicolorin B synthase-encoding gene that is part of the aflatoxin pathway of A.
parasiticus, resulted in the accumulation of 5'-oxoaverantin and yielded a yellowish pigment (33) .
On the other hand, none of the deletion mutants of the co-regulated cluster genes omt1, pmo1, deh1, orf1, orf4 and orf5 gave a colorless phenotype (Fig. 2) , indicating that these genes might encode for proteins that act at the end of the metabolic pathway as tailoring enzymes of the actual melanin. No conserved domains were detected in orf1, orf4 and orf5, neither similarities with proteins from other fungi. However, a closer analysis of their amino acid sequences shows a certain degree of similarity among them, which makes us suspect that these genes are paralogous genes residing within the same cluster.
In fungi, biosynthetic gene clusters are often linked to more than one compound, but only in few cases, the same kind of compound is linked with two distant and unrelated clusters from the same genome. One example is Botrytis cinerea, whose melanogenesis process is based on two developmentally regulated PKS-encoding genes (BcPKS13 and BcPKS12) that are capable of generating the same intermediate T4HN in conidia and sclerotia, respectively. Furthermore, this compound is converted to DHN by the same set of enzymes, resulting in the production of melanin (34) . The work presented here together with the data shown by García-Pedrajas and collaborators (16) , suggest that U. maydis harbors two gene clusters that are involved in the synthesis of melanin.
However, no enough evidence suggests that the final product corresponds to the same kind of melanin. RNA-seq data of the FB1 strain showed that the expression levels of pks3, pks4 or pks5 are low in axenic culture as well as during maize plant infection (personal communication, Daniel Lanver), which strengthens the evidence that pks1 and pks2 are the major players in melanization during maize plant infection. In a previous study, Jonkers and collaborators determined the metabolic and transcriptomic changes in U. maydis and Fusarium verticillioides when both fungi were co-cultivated. Seven of the melanin cluster genes (pks5, orf1, pks4, vbs1, omt1, pmo1 and cyp4) showed slightly higher expression levels during co-cultivation with F. verticillioides compared to the single cultures, suggesting that U. maydis could activate those genes in response to the presence of competitors (35) . Although our studies reveal a novel mechanism for the synthesis of melanin in fungi, further studies need to be performed in order to shed light on the biological function of this cluster in U. maydis, as well as the complexity of its unique PKS system. 
Fig. 1. Induction of a large polyketide synthase gene cluster results in the production of a black-greenish pigment. (A)
The identified PKS-cluster consists of at least 12 co-regulated genes. Among these are three genes encoding polyketide synthases (pks3, pks4, and pks5) and several other genes characteristic of secondary metabolism. Protein-encoding genes belonging to different categories are highlighted as follows: red, backbone enzyme; blue, tailoring enzyme and gray, other. (B) Gene locus, deduced function and size of the protein-coding genes located within the melanin gene cluster. (C) Phenotype of the melanin cluster deletion mutants. Single-deletion mutants of the melanin cluster were generated in the Pcrg::mtf1 background of the MB215 strain. Photographs of the cultures were taken after 96 h of growth at 28 °C in inducing medium. 
MATERIALS AND METHODS
Strains and Cultivation Conditions
Escherichia coli strain TOP10 (Invitrogen) was used for cloning purposes and cultivated in dYT [1% (w/v) yeast extract, 1.6% (w/v) tryptone, 0.5% (w/v) NaCl] liquid medium at 37 °C with shaking or on dYT-agar plates (13 g/l). Ampicillin was used at a concentration of 100 g/ml.
Ustilago maydis strains used in this study are listed in 
Standard Molecular Methods
Standard molecular biology methods were used as previously described (36) . Transformation of U.
maydis followed the protocol of Schulz and collaborators (37) . Transformation of Saccharomyces cerevisiae was done according to Gietz and Woods (38) . U. maydis chromosomal DNA was isolated as described (39) . RNA was isolated from cells grown in liquid medium using TRIzol Reagent (Life Technologies, Darmstadt, Germany) as described by the manufacturer. Table S1 . PCR reactions were performed using the DNA polymerase Phusion (lab preparation) for short fragments (< 5 kb) or KOD Xtreme Hot Start polymerase (Novagen) for longer fragments (>5 kb). All PCR products were cleaned up (Geneaid, Taipeh, Taiwan) before digestion. Ligation procedures were carried out with T4-DNA-ligase with supplemented buffer (Roche, Mannheim, Germany).
Genetic Manipulation of U. maydis and Transformant Analysis
Deletion constructs were generated by using the yeast drag and drop method (40) . The 5´-and 3´non-coding regions of the candidate genes were amplified using the primer combinations LBfw/LBrv and RBfw/RBrv listed in Table S1 . was verified by Southern blot for all generated strains. In addition, Northern blot analysis was performed to analyze the expression of the desired genes.
Orsellinic Acid Feeding Experiments
Selected U. maydis strains were inoculated in 3 ml of YEPSlight medium and incubated at 28 °C ON with constant shaking. Afterward, the cells were diluted to an OD600=0.2 in 30 ml of YNB pH 5.8
with 5% glucose and 0.1% ammonium sulfate until an OD600=0.6 was reached. Subsequently, the cells were washed twice with dH2O and transferred to either 4 ml (feeding with OA) of YNB liquid medium containing 0.1% ammonium sulfate and 5% of glucose (control) or arabinose. Cultures were incubated with shaking for 96 h at 28 °C. For the feeding experiment with OA, the 4 ml cultures were grown in the presence or absence of 0.5 mM of orsellinic acid (Alfa Aesar, Heysham, England) in DMSO.
Metabolite Extraction Analysis and Structure Elucidation
Pelleted cells of 30 ml liquid cultures were transferred to 50 ml glass beakers and stirred with 20 ml acetone for 1 h. The extracts were filtered into 100 ml round bottom flasks and the pellets were washed with a further 10 ml acetone before being concentrated to dryness in a rotary evaporator.
Dry extracts were dissolved in 2 ml methanol and transferred to 4 ml glass vials prior of being concentrated to dryness in a speed vacuum (Speed Vac-Concentrator, Eppendorf, Hamburg) for 2 h at 28 °C. Extracts were dissolved in 1 ml of methanol (HPLC grade) and centrifuged (16, 000 rpm, 20 min) to ensure that no particles were injected into the HPLC instrument. Finally, 100 l of the supernatant was transferred to HPLC plastic vials and subjected to analysis. For large-scale cultures (> 1L), the whole volume was placed into a 2 L flask with 30 g of Amberlite XAD-16 beads (Sigma-Aldrich) agitated at 200 rpm for 2 h at 4°C. Afterward, the amberlite beads were harvested at -20 °C for further analysis. HPLC-MS analysis was performed with a Dionex UltiMate 3000 system coupled to a Bruker AmaZon X mass spectrometer and an Acquity UPLC BEH C18 1.7 m RP column (Waters).
Bioinformatic DNA Sequence Analysis
All DNA and protein sequences were retrieved from the National Center for Biotechnology 
